Enterotoxigenic Bacteroides fragilis (ETBF) was described in 1984 as a cause of lamb diarrheal disease [1] and in 1987 as associated with human diarrheal disease [2] . Controlled and cohort studies in both developed and low-resource countries consistently identify ETBF as being associated with acute diarrheal illnesses in young children (age, 1-5 years) [3] [4] [5] [6] [7] [8] . In adults, a Swedish study associated ETBF with diarrheal disease in those aged 130 years [9] . Acute, watery diarrhea was reported in ETBF disease, but detailed stool sample studies were not performed. By contrast, experimental infection in rabbits and gnotobiotic piglets suggests that ETBF induces colonic inflammation [10] [11] [12] . Consis-tent with this observation, the only known virulence factor of ETBF-the B. fragilis toxin-stimulates secretion of the proinflammatory cytokine, IL-8, by intestinal epithelial cells in vitro [13] [14] [15] [16] . Because available clinical observations on ETBF disease contrasted with experimental results, our study goal was to characterize the clinical characteristics and pathogenesis of ETBF infections. We chose to conduct our study in Bangladeshi children and adults because this is a population in whom ETBF is known to be endemic [5, 6, 17] .
METHODS

Recruitment of the study population. Children aged
11 year and adults presenting with acute diarrhea (defined as 13 watery stools per day or any bloody stools) at the hospital of the International Centre for Diarrheal Diseases Research (Dhaka, Bangladesh) or at a community-based clinic in the urban slum Mirpur (Dhaka, Bangladesh) from January 2004 through November 2005 were enrolled for stool screening to identify in-dividuals infected with ETBF; individuals positive for fecal ETBF infection were then enrolled in the 3-week study. Informed consent was obtained from adult patients or from guardians on behalf of study participants who were !18 years of age. Study exclusion criteria were as follows: (1) age !1 year, because ETBF is not associated with diarrheal disease in this age group [6, 8] ; (2) ingestion of antibiotics in the previous 2 weeks; (3) current systemic illness, such as pneumonia or meningitis; and (4) malnutrition in children (weight-age z score 12 SDs below the mean). Epidemiologic data on the clinical manifestations and blood and stool specimens were collected at enrollment and 3 weeks after diarrhea onset. Dehydration was defined as none, some, or severe by World Health Organization criteria [18] . Oral rehydration therapy was provided, and the evaluating physician administered antibiotics after enrollment if judged to be clinically warranted. Healthy control individuals-without diarrhea for at least 2 weeks-were recruited from the same populations. The protocol was approved by the Ethical Review Committee of the International Centre for Diarrheal Diseases Research, Bangladesh, and the Western International Review Board in the United States.
Microbiology of stool specimens. Stool specimens were tested for recognized enteropathogens, including enterotoxigenic Escherichia coli, Campylobacter jejuni, Shigella species, Salmonella species, and Vibrio cholerae [19, 20] , as well as rotavirus [21] . Stool specimens were tested by direct microscopy for parasites and helminthes. For isolation of B. fragilis, 100 mL of stool (or 1 g of stool mixed in 4 mL of PBS for semisolid stool) was incubated overnight in 8 mL of peptone yeast extract glucose [22] or fastidious anaerobe broth (International Diagnostic Group) under anaerobic conditions (BBL Anaerobic System; GasPak Plus) at 37ЊC. After centrifugation, the bacterial pellet was inoculated directly on blood agar containing kanamycin (100 mg/L) and vancomycin (7.5 mg/L) at 37ЊC for 48 h under anaerobic conditions. B. fragilis colonies were identified by mottled appearance under stereomicroscopy and were catalase positive and oxidase negative.
Detection and characterization of the bft allele. The B. fragilis toxin (bft) gene was detected by PCR (with use of forward primer 5 -CGCGGCATTATTAGCTGCATGTTCTAATG-3 and reverse primer 5 -GATACATCAGCTGGGTTGTAGAC-ATCCCA-3 ), to yield a 1-kilobase DNA band, as described elsewhere [23] . In brief, boiled bacterial DNA (2.5 mL) was added to a reaction mixture that contained 200 mmol 2 -deoxynucleoside-5 -triphosphate, 1.0 U of Taq DNA polymerase (Takara Bio), 2 mM magnesium chloride, and 10 pmol of each primer in a final volume of 25 mL. Reactions underwent 30 cycles of amplification (PT-200 Peltier Thermal Cycler; MJ Research), which consisted of 1-min denaturation at 94ЊC, 2-min annealing at 62ЊC, 1-min extension at 72ЊC, and a final 7-min extension at 72ЊC. ETBF strain D-134 and B. fragilis J-139 (nontoxigenic B. fragilis strain) served as positive and negative controls, respectively; water, instead of template DNA, served as an additional negative control. PCR products were verified by 1% agarose gel electrophoresis with ethidium bromide staining.
HT29/C1 cell assay. Secretion of biologically active B. fragilis toxin was detected in culture supernatants (fresh or frozen at Ϫ20ЊC until tested) of isolated ETBF strains with use of the cloned human colonic carcinoma epithelial cell line, HT29/C1, as described elsewhere [24] . This cell assay detects as little as 0.5 pM of B. fragilis toxin [25] . Culture supernatants of ETBF strain D-134 and nontoxigenic B. fragilis strain J-139 served as positive and negative controls, respectively.
ELISA for anti-B. fragilis toxin serum and intestinal antibodies. B. fragilis toxin was purified as described elsewhere [26] . We coated 96-well plates (Nunc) with 5 mg/mL of purified B. fragilis toxin diluted in PBS (10 mmol; pH, 7.2) at room temperature overnight. After washing and blocking with 1% bovine serum albumin for 45 min at 37ЊC followed by additional PBS-Tween washes, serum samples diluted 1:50 in 0.1% bovine serum albumin and 0.05% Tween-20 in PBS were added and incubated for 90 min at 37ЊC. After washing, peroxidase-conjugated rabbit anti-human immunoglobulins (IgA and IgG; Jackson Immuno Research Laboratories) diluted 1: 1000 in 0.1% bovine serum albumin, PBS, and Tween were added, followed by incubation for 90 min at 37ЊC. After washing, orthophenyl diamine (1 mg/mL; Sigma) in 0.2 mol sodium citrate buffer (pH, 4.5) and 30% hydrogen peroxide solution was added. The optical density was measured kinetically at 450 nm for 5 min, and the results were expressed as the change in milliabsorbance units per minute [27] . The immune responses in patients on different study days were compared with that seen at 1 time point in healthy control individuals; values у2-fold higher than the mean ‫ע‬ SEM of the healthy control individuals was defined as a serologic response to B. fragilis toxin.
Other stool and serum assays. Intestinal inflammation was assessed by the following: (1) stool occult blood detected using the modified guaiac acid procedure [28] , (2) fecal polymorphonuclear leukocytes detected by microscopy with use of methylene blue staining [29] , and (3) sandwich EIAs to detect fecal lactoferrin (Oxis International), IL-8 (BD Biosciences), and TNF-a (BD Biosciences). EIA detection limits were 5, 4, and 7.8 pg/mL for lactoferrin, IL-8, and TNF-a, respectively. Serum C-reactive protein was measured by the Immulite High Sensitivity CRP assay with a detection limit of 0.01 mg/dL (Diagnostic Products), as described by the manufacturer. Blood leukocyte counts were quantitated by differential counts with use of microscopy.
Antibiotic susceptibility testing. Susceptibility testing was performed using the Clinical Laboratory and Standards Institute reference standard agar dilution method [30] . figure 1 ) and by detection of biologically active B. fragilis toxin in culture supernatants of the ETBF strains in the HT29/C1 cell assay (data not shown). There are 3 reported bft alleles [31] . All ETBF isolates that were available for analysis (79 isolates) possessed the bft-1 allele except 2 isolates that contained the bft-2 allele. Only enterotoxigenic E. coli isolates (5 isolates positive for the heat-stable enterotoxin, 1 for the heat-labile toxin, and 1 for both) were identified as copathogens in 7 (8.1%) of 86 study participants.
Epidemiology of ETBF infection. Of the 86 individuals from whom ETBF was isolated, 73 consented to participate in the 3-week study. ETBF infections were evenly distributed by sex (38 male [52%] and 35 female [48%]). Table 1 shows the rates of ETBF isolation by the age of the study participants. Overall, 43 (59%) of the 73 ETBF-positive study participants were children aged !15 years ( ). ETBF isolation was P ! .047 not more common among children 1-5 years of age than among older age groups ( ). Most (59 [81%] of 73) of P p .955 the ETBF-infected study participants were identified in the Mirpur community; the remaining individuals were identified at the International Centre for Diarrheal Diseases Research Hospital (Dhaka, Bangladesh) ( ). P ! .001 Figure 2 shows the monthly and seasonal isolation of B. fragilis and ETBF during the study. Both nontoxigenic B. fragilis and ETBF were isolated in diarrheal specimens throughout the year. However, isolation rates for ETBF (59%) were significantly higher during the hot, dry spring months (March-May) than during either the summer months (June-October; ETBF isolation, 27%; ) or winter months (November-February; P ! .002 ETBF isolation, 14%;
). In contrast, 40% and 35% of P ! .001 the B. fragilis was isolated during the spring and summer seasons, respectively ( Of 58 initial ETBF isolates tested, 97% were sensitive to ampicillin, 90% were sensitive to clindamycin, 93% were sensitive to metronidazole, and 74% were sensitive to tetracycline. Table 2 gives the quantitation of fecal polymorphonuclear leukocytes during the ETBF illness. Notably, 170% of ETBF-infected patients had excess fecal polymorphonuclear leukocytes (110 per high-power field) at the onset of the diarrheal illness, with evidence of persistence of intestinal inflammation in ∼55% on day 21 after illness onset. Of the 39 patients with 110 polymorphonuclear leukocytes per high-power field in stool samples on day 21, 34 (87%) had received treatment with antibiotics (33 with metronidazole and 1 with nalidixic acid).
Stimulation of intestinal inflammation by ETBF infection.
To further assess intestinal inflammation in ETBF-infected patients, fecal lactoferrin (a protein released from the granules of polymorphonuclear leukocytes) and 2 proinflammatory cytokines (TNF-a and IL-8) were assessed in the stool samples collected at the time of ETBF diagnosis (table 3) . Lactoferrin, TNF-a, and IL-8 were significantly increased in the stool samples of ETBF-infected patients, compared with nondiarrheal control stool samples obtained from individuals from the same population and socioeconomic strata as the ETBF-infected patients. In contrast, serum C-reactive protein, a marker of systemic inflammation, was not significantly different between ETBF-infected patients and healthy control individuals (median values, 0. ). Be-P p .192 cause the diagnosis of ETBF usually required a minimum of 5 days to complete stool collection, culture, and PCR testing for the bft gene, the mean delay of collection of serum samples was 7 days (range, 3-10 days). , day 1 compared with day 7 responses). By day 7, P ! .06 fecal IgA was detected in 29 (49%) of 59 ETBF-infected patients and in 3 (30%) of 10 healthy control individuals ( ); P p .17 fecal IgA was not tested on day 21.
Stimulation of systemic and mucosal immune responses by ETBF infection.
DISCUSSION
This study defines ETBF, to our knowledge for the first time, as an inflammatory enteric pathogen in humans. ETBF was a P values compared patient data with control data; healthy control individuals were assessed 1 time.
proposed to be a human diarrheal disease agent in 1987 [2] , and the first controlled study associating ETBF with diarrheal disease was conducted in the Apache population in 1992, where acute, watery diarrheal disease in children aged 11 year was observed [7] . Subsequent human studies confirmed the association of ETBF with diarrheal disease and extended the pathogenicity of ETBF to adults [9, 32] . However, because bloody diarrhea was not observed, ETBF infection was presumed to cause noninflammatory diarrhea. Our detailed studies indicate that ETBF induces intestinal, likely colonic (on the basis of the known intestinal niche of B. fragilis), inflammation in most infected symptomatic individuals. These clinical data are supported by laboratory studies that identify ETBF and B. fragilis toxin as potent inducers of IL-8 synthesis and secretion by intestinal epithelial cells and colitis in mice, rabbits, and gnotobiotic piglets [10] [11] [12] [13] [14] [15] [16] 33] . Similarly, ETBF and B. fragilis toxin stimulate fluid secretion and mixed cellularity inflammation when tested in ligated small bowel and colonic segments in animal models [34] [35] [36] . When compared with data reported on intestinal inflammation detected in the stool samples of Bangladeshi patients infected with enterotoxigenic E. coli, V. cholerae, or Shigella species, ETBF infection stimulates a greater stool inflammatory response than does enterotoxigenic E. coli or V. cholerae but generally causes less marked inflammation than does Shigella infection (data not shown) [37] [38] [39] . Our results are a reminder that the origin and pathogenesis of most diarrheal illnesses cannot be predicted at the bedside without specific microbiology and other laboratory studies.
Another striking and previously unreported feature of symptomatic ETBF infection is its association in our study with substantial abdominal pain and tenesmus, symptoms also consistent with colonic inflammatory disease. The severity of the abdominal discomfort led the clinicians evaluating the patients to empirically treat patients with metronidazole when or even before ETBF infection was diagnosed. It is unknown whether antibiotic therapy modifies the clinical course and is of clinical benefit to those with ETBF infection; a randomized controlled therapeutic trial would be required to address this issue. The frequent use of antibiotic therapy in our population limited our ability to define the natural history of ETBF infection. This study combined with prior studies and additional data from the International Centre for Diarrheal Diseases Research (Bangladesh) (F.Q. and R.B.S., unpublished data) suggest that ETBF infections are usually acute, mildly dehydrating diarrheal illnesses but that significant abdominal pain may occur. Exceptions of ETBF infection associated with prolonged diarrheal illnesses are reported [6, 7] . Consistent with frequent antibiotic use in this population, 7% of ETBF strains isolated were resistant to metronidazole, a frequency higher than noted elsewhere [40] .
Nontoxigenic B. fragilis has recently been reported as a symbiont that may modulate systemic T cell-dependent immunity [41] . Our data demonstrate that symptomatic ETBF infection stimulates systemic and mucosal antibody responses to B. fragilis toxin, the only identified virulence factor of ETBF. Additional data confirm the detection of anti-B. fragilis toxin antibodies by Western blot analysis (C.L.S., S.I., and F.Q., unpublished results). Detected anti-B. fragilis toxin antibody responses were significantly greater than in control serum samples obtained from individuals in the same community and of similar socioeconomic background. The age-dependent seroprevalence of antibodies to B. fragilis toxin is unknown but deserves further study. Asymptomatic ETBF infection identified in control populations of published studies is not uncommon and has a prevalence range of 4%-20% [8] . In 1 endoscopy-based study, ETBF was recovered from 35% of stool samples of control patients without diarrhea [42] . It is unknown whether colonic carriage of ETBF is associated with development of anti-B. fragilis toxin serum antibodies similar to the age-dependent increase in prevalence of antibodies to the Clostridium difficile toxins A and B [43] . One limitation of our observations is that we could not determine whether infected patients were seronegative for B. fragilis toxin antibodies at the onset of their illnesses. Initial serum sample collection was delayed an average of 7 days, until the diagnosis of ETBF infection was made by anaerobic stool culture followed by specific detection of B. fragilis toxin by PCR and/or a tissue culture assay (HT29/C1 cell assay). Our data also do not ascertain whether induction of antibody responses to B. fragilis toxin is T cell dependent, similar to immune responses to the polysaccharide capsule of B. fragilis [44] .
Classic microbiologic approaches indicate that B. fragilis comprises a small percentage of the fecal flora but emerges as the leading anaerobe in human disease [45] [46] [47] . On the basis of stool cultures, 40%-70% of humans are estimated to be colonized with B. fragilis. The accuracy of these prevalence estimates has not been verified using molecular approaches to detect B. fragilis in stool samples, and the durability over time of fecal carriage of specific B. fragilis strains is not known. Our data suggest that seasonal variations in B. fragilis carriage occur; alternatively, seasonal variations in fecal flora facilitate the recovery of B. fragilis. Limited data suggest that ETBF may comprise a greater proportion of the fecal flora during diarrheal illnesses and that long-term carriage of ETBF after a diarrheal illness may occur [7] . Because persistent moderate inflammation, as assessed by fecal polymorphonuclear leukocytes, was noted in our study population despite apparent eradication of ETBF by metronidazole therapy in most patients, an important question that emerges from our data is whether asymptomatic carriage of ETBF is associated with ongoing intestinal inflammation and is associated with other intestinal diseases, such as postinfectious diarrhea-predominant irritable bowel syndrome [48] . In this regard, preliminary observations suggest an association between active inflammatory bowel disease and colorectal carcinoma and ETBF infection [42, 49, 50] . The ongoing intestinal inflammation detected at 21 days is likely not unique to ETBF infection, because a prior study of Shigella infections in the same population also suggested a protracted colon inflammatory response [51] .
Our observations that symptomatic ETBF infection stimulates intestinal inflammation in most patients alters our understanding of the pathogenesis of ETBF disease and raises pertinent new questions about the epidemiology of ETBF infection and the role of ETBF in colonic disease. Currently, the diagnosis of ETBF infection is technically difficult and is restricted to research settings. Development of rapid, molecular approaches for diagnosis of ETBF infection will allow these areas of concern to be addressed.
